Abstract: Silicone rubber (SiR) is used as an insulating material for cables installed in a nuclear power plant. Gamma rays irradiated SiR sheets for various periods at temperatures of 145 and 185 • C, and the resultant changes were analyzed by examining complex permittivity spectra and surface potential decay characteristics. Three different processes, namely, instantaneous polarization, electrode polarization due to the accumulation of ions to form double charge layers at dielectric/electrode interfaces, and DC conduction caused by directional hopping of ions, contribute to the complex permittivity. By fitting the spectra to theoretical equations, we can obtain the dielectric constant at high frequencies, concentration and diffusion coefficient of ions and DC conductivity for the pristine and degraded samples. The instantaneous polarization becomes active with an increase of dose and ageing temperature. The thermal expansion coefficient estimated from the temperature dependence of dielectric constant at high frequencies becomes smaller with an increase in dose, which is in good agreement with the experimental results of the swelling ratio. Additionally, trap distributions are calculated from surface potential decay measurements and analyzed to explain the variation in conductivity. Trap energy increases firstly, and then decreases with an increase in dose, leading to a similar change in DC conductivity. It is concluded that generations of both oxidative products and mobile ions, as well as the occurrence of chain scission and crosslinking are simultaneously induced by gamma rays.
Introduction
Silicone rubber (SiR) has excellent thermal stability, high resistance to oxidative degradation, and good electrical properties [1, 2] . It has been widely used in industry as well as in our daily life [2, 3] . For nuclear power plants, SiR is an important electrical insulating material for cables [2] . Energetic radiations such as gamma rays could degrade SiR, affecting its performance as an electrical insulator [2] .
Gamma rays are high-energy photons and can transfer their energy to materials through photoelectric effects, including the generation of electron-hole pairs and Compton scattering [4] . When an organic polymer absorbs the energy of gamma rays, free radicals are generated [1, 5, 6] . In the presence of oxygen, these radicals react with oxygen to form peroxy radicals and hydroperoxides [5, 6] . Then, peroxy radicals react with polymer molecules or recombine with each other, while hydroperoxides may decompose to generate inactive products. As a result, crosslinking and chain scission appear in the polymer [1, 2, 5, 6] . These chemical reactions in polymers induced by heat and gamma irradiation cause changes in chemical composition, glass transition and melting temperatures, crystallinity, Figure 1 shows dielectric constant ε r and dielectric loss factor ε r as a function of frequency f measured for pristine SiR samples at temperatures ranging from 100 to 200 • C. At frequencies above about 1 Hz, ε r scarcely depends on f. Therefore, the value of ε r in this frequency range can be regarded as the dielectric constant at high frequency limit ε r∞ . The typical response time of electronic polarization is around 10 −16 -10 −15 s in polymers, while that of atomic polarization or skeletal vibrations in polymeric molecules such as bending, twisting, expansion and contraction, or intermolecular vibration is around 10 −13 -10 −12 s, as shown in Figure 2a [22] . Therefore, electronic polarization and vibrations of segmental chains should contribute to ε r∞ dominantly, since they are fast enough to respond to the frequency of the applied electric field. On the other hand, ε r∞ decreases with an increase in temperature. This phenomenon can be caused by thermal expansion, resulting in a decrease in the amount of atoms and molecular chains per unit volume [12, 23] .
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The dielectric constant εr′ at frequencies below about 1 Hz increases dramatically with a decrease in frequency and with an increase in the temperature, as demonstrated in Figure 1a . This is caused by accumulation of hetero space charges, as demonstrated in Figure 2b . If ions accumulate near an electrode, charges with the opposite polarity are induced on the electrode, which enlarges the apparent value of dielectric constant. This phenomenon is called electrode polarization [18, 19, 25] , which has been observed in many polymers such as polyimide [26] , ethylene-propylene-diene copolymer (EPDM) [12] , and epoxy resin [27] . Therefore, the dielectric constant at low frequencies can be fitted to an equation of electrode polarization. Additionally, the directional migration of ions can form conduction current [28] , causing the dramatic increase in the dielectric loss factor with a decrease in frequency. This phenomenon becomes obvious in a frequency range below 10 2 Hz, as shown in Figure 1b . increase in temperature. This phenomenon can be caused by thermal expansion, resulting in a decrease in the amount of atoms and molecular chains per unit volume [12, 23] . (a) Different types of polarization in a dielectric material under an electric field. With the increase in time, electronic, atomic, orientational, and electrode polarizations can be observed in the dielectric material [22] . (b) Distribution of hetero space charges accumulated in a dielectric material, which can form electrode polarization [24] .
The dielectric constant εr′ at frequencies below about 1 Hz increases dramatically with a decrease in frequency and with an increase in the temperature, as demonstrated in Figure 1a . This is caused by accumulation of hetero space charges, as demonstrated in Figure 2b . If ions accumulate near an electrode, charges with the opposite polarity are induced on the electrode, which enlarges the apparent value of dielectric constant. This phenomenon is called electrode polarization [18, 19, 25] , which has been observed in many polymers such as polyimide [26] , ethylene-propylene-diene copolymer (EPDM) [12] , and epoxy resin [27] . Therefore, the dielectric constant at low frequencies can be fitted to an equation of electrode polarization. Additionally, the directional migration of ions can form conduction current [28] , causing the dramatic increase in the dielectric loss factor with a decrease in frequency. This phenomenon becomes obvious in a frequency range below 10 2 Hz, as shown in Figure 1b (a) Different types of polarization in a dielectric material under an electric field. With the increase in time, electronic, atomic, orientational, and electrode polarizations can be observed in the dielectric material [22] . (b) Distribution of hetero space charges accumulated in a dielectric material, which can form electrode polarization [24] .
The dielectric constant ε r at frequencies below about 1 Hz increases dramatically with a decrease in frequency and with an increase in the temperature, as demonstrated in Figure 1a . This is caused by accumulation of hetero space charges, as demonstrated in Figure 2b . If ions accumulate near an electrode, charges with the opposite polarity are induced on the electrode, which enlarges the apparent value of dielectric constant. This phenomenon is called electrode polarization [18, 19, 25] , which has been observed in many polymers such as polyimide [26] , ethylene-propylene-diene copolymer (EPDM) [12] , and epoxy resin [27] . Therefore, the dielectric constant at low frequencies can be fitted to an equation of electrode polarization. Additionally, the directional migration of ions can form conduction current [28] , causing the dramatic increase in the dielectric loss factor with a decrease in frequency. This phenomenon becomes obvious in a frequency range below 10 2 Hz, as shown in Figure 1b .
By solving equations of charge conduction, charge diffusion, and charge continuity, as well as Poisson's equation, namely by assuming the Poisson-Nernst-Planck model, Macdonald derived a formula of complex relative permittivity ε r * of electrode polarization for blocking electrodes [18, 24] . The formula derived in [24] is:
where ω is the angular frequency (ω = 2πf ) in rad·s −1 and d is the sample thickness in m, while ξ is a frequency-dependent variable in m −1 and λ D is the Debye length in m. Furthermore, D is the diffusion coefficient of mobile ions in m 2 ·s −1 . As shown in Figure 2b , the Debye length λ D is a function of the concentration n of mobile ions in m −3 and temperature T in K, and is written as [18, 19, 25] :
Here, ε 0 is the permittivity of vacuum in Fm −1 and k B is the Boltzmann constant, while q is the charge of ions in C.
The variable ξ is defined by [18] :
By solving Equation (1) analytically, ε r * (ω) can be simplified to the following the Debye equation [18] :
When a certain electrode polarization exhibits a distribution of relaxation time, a Cole-Cole equation can be used to model the polarization. In addition, the contribution of DC conductivity should be considered in analyzing the behavior of ε r * (ω) of a dielectric material. Regarding this, ε r * (ω)
can be expressed as follows [18, 19, 29, 30] :
Here, the second term is a Cole-Cole type electrode polarization and the third term represents the loss caused by DC conductivity σ DC in S·m −1 , while γ is a parameter representing the distribution of relaxation time.
Equation (5) depends on D, n, σ DC , and γ. If the frequency spectra of ε r * (ω) obtained experimentally for pristine and aged samples were fitted to Equation From the above-mentioned simulations conducted for all the five samples, the values of parameters appearing in Equation (5) are all known. The parameter γ changes as shown in Figure 5 , depending on the temperature and the duration of gamma irradiation. If γ is zero, the relaxation is a Debye-type relaxation, and it deviates more from the Debye type if γ becomes larger. As shown in Figure 5 , the sample that was presumably degraded more has a big value of γ. This seems to be reasonable. For other parameters, such as εr∞, n, D, and σDC, and the effects of dose and temperature on them, will be discussed in Section 4. From the above-mentioned simulations conducted for all the five samples, the values of parameters appearing in Equation (5) are all known. The parameter γ changes as shown in Figure 5 , depending on the temperature and the duration of gamma irradiation. If γ is zero, the relaxation is a Debye-type relaxation, and it deviates more from the Debye type if γ becomes larger. As shown in Figure 5 , the sample that was presumably degraded more has a big value of γ. This seems to be reasonable. For other parameters, such as ε r∞ , n, D, and σ DC , and the effects of dose and temperature on them, will be discussed in Section 4. From the above-mentioned simulations conducted for all the five samples, the values of parameters appearing in Equation (5) are all known. The parameter γ changes as shown in Figure 5 , depending on the temperature and the duration of gamma irradiation. If γ is zero, the relaxation is a Debye-type relaxation, and it deviates more from the Debye type if γ becomes larger. As shown in Figure 5 , the sample that was presumably degraded more has a big value of γ. This seems to be reasonable. For other parameters, such as εr∞, n, D, and σDC, and the effects of dose and temperature on them, will be discussed in Section 4. Figure 6 shows the effect of gamma irradiation to various doses given at two different temperatures (Tir) of 145 and 185 °C on the dielectric constant at the high frequency limit εr∞ as a function of the measurement temperature, calculated by Equation (5). It is clear that εr∞ increases with an increase in irradiation time tir for the ageing at both 145 and 185 °C, which may be caused by the increase in polarizability or density of polarizable substances. The relation between εr∞ and the polarizability is given by the following Clausius-Mossotti equation [22] :
Discussion

Influence of Degradation on the Dielectric Constant at High Frequencies
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Influence of Degradation on the Dielectric Constant at High Frequencies
Here, α E is the electronic polarizability and α A is the atomic polarizability, both in F·m 2 , while ρ is the density of the dielectric material in kg·m −3 , M is the molecular weight in kg·mol −1 , and N A is the Avogadro constant in mol −1 . In our preceding research, chemiluminescence was measured for the present pristine and aged SiR samples [8] . It was found that the intensity of chemiluminescence becomes weak if the sample was aged concurrently by heat and gamma radiation. Oxidative reaction is detected as chemiluminescence and its intensity is proportional to the concentration of reactants [6, 8] . Therefore, the decrease in chemiluminescence intensity with the increase in irradiation time means that the reactants were consumed during ageing [8] . Therefore, oxidative products, such as oxidation of side methyl groups, may have been formed in the degraded samples [6, 8] . In addition, chain scission was induced by the concurrent ageing, leaving chain segments behind [9] . Oxidative products and chain segments may result in a change in atomic polarizability or skeletal vibrations in polymeric molecules, which should lead to an increase in atomic polarizability αA. Therefore, εr∞ goes up with the gamma irradiation.
As shown in Figure 6 , εr∞ decreases monotonically with an increase in measurement temperature, showing a negative constant derivative with respect to temperature dεr∞/dT. This is attributable to thermal expansion or the decrease in the number density of dipoles [12, 23] . Equation (6) was used to analyze the temperature dependence of εr∞. Figure 7 shows (εr∞ − 1)/(εr∞ + 2) as a function of measurement temperature. It decreases linearly with the increase in temperature, which explains that the negative value of dεr∞/dT is caused by thermal expansion [12, 23] . Therefore, the temperature-dependent εr∞ at temperatures from 100 to 200 °C can be used to investigate the influence of gamma irradiation on thermal expansion in SiR, which should be related to the concentrations of crosslinks and chain scissions. If the thermal expansion behavior is altered by the gamma irradiation, we can recognize that fact by drawing a figure like Figure 7 , which should provide useful information on the degradation mechanism of SiR. The volume thermal expansion coefficient β was estimated by the Clausius-Mossotti equation. This method was already used to calculate β of EPDM [12] , low-density polyethylene, poly(methyl pentene), and syndiotactic polystyrene [23] and found that the values of β obtained are in good agreement with those obtained by other methods, such as thermomechanical analysis and laser interference. In our preceding research, chemiluminescence was measured for the present pristine and aged SiR samples [8] . It was found that the intensity of chemiluminescence becomes weak if the sample was aged concurrently by heat and gamma radiation. Oxidative reaction is detected as chemiluminescence and its intensity is proportional to the concentration of reactants [6, 8] . Therefore, the decrease in chemiluminescence intensity with the increase in irradiation time means that the reactants were consumed during ageing [8] . Therefore, oxidative products, such as oxidation of side methyl groups, may have been formed in the degraded samples [6, 8] . In addition, chain scission was induced by the concurrent ageing, leaving chain segments behind [9] . Oxidative products and chain segments may result in a change in atomic polarizability or skeletal vibrations in polymeric molecules, which should lead to an increase in atomic polarizability α A . Therefore, ε r∞ goes up with the gamma irradiation.
As shown in Figure 6 , ε r∞ decreases monotonically with an increase in measurement temperature, showing a negative constant derivative with respect to temperature dε r∞ /dT. This is attributable to thermal expansion or the decrease in the number density of dipoles [12, 23] . Equation (6) was used to analyze the temperature dependence of ε r∞ . Figure 7 shows (ε r∞ − 1)/(ε r∞ + 2) as a function of measurement temperature. It decreases linearly with the increase in temperature, which explains that the negative value of dε r∞ /dT is caused by thermal expansion [12, 23] . Therefore, the temperature-dependent ε r∞ at temperatures from 100 to 200 • C can be used to investigate the influence of gamma irradiation on thermal expansion in SiR, which should be related to the concentrations of crosslinks and chain scissions. If the thermal expansion behavior is altered by the gamma irradiation, we can recognize that fact by drawing a figure like Figure 7 , which should provide useful information on the degradation mechanism of SiR. The volume thermal expansion coefficient β was estimated by the Clausius-Mossotti equation. This method was already used to calculate β of EPDM [12] , low-density polyethylene, poly(methyl pentene), and syndiotactic polystyrene [23] and found that the values of β obtained are in good agreement with those obtained by other methods, such as thermomechanical analysis and laser interference. We assume that the density of SiR ρ is equal to ρ0 at T0 and has the following linear relation with temperature:
We can calculate d[(εr∞ − 1)/(εr∞ + 2)]/dT by substituting Equation (7) into Equation (6):
We can obtain the following equation by replacing ρ0NA(αE+αA)/3ε0M on the right side in Equation (6) with Equations (7) and (8) 
From the values of (εr∞ − 1)/(εr∞ + 2) experimentally obtained as a function of T, we can calculate the slope d[(εr∞ − 1)/(εr∞ + 2)]/dT, and the intercept −(1/ + T0)d[(εr∞ − 1)/(εr∞ + 2)]/dT of Equation (9) . Figure 7 shows that the temperature dependence of (εr∞ − 1)/(εr∞ + 2) can be fitted well by Equation (9) and the values of R 2 (goodness of fit) are larger than 0.998. Then, we can calculate (1/β + T0) with the values of the slope and the intercept. It was found that the value of (1/β + T0) is always larger than 1.5 × 10 3 K. Since T0 is much smaller than 1.5 × 10 3 K, we can estimate the thermal expansion coefficient β of SiR. As a result, we found that β ranges from 5.7 × 10 −4 to 6.6 × 10 −4 K −1 . Figure 8 shows that the thermal expansion coefficient β decreases with an increase in dose at Tir of 145 and 185 °C. It may be caused by an increase in crosslinking degree or a decrease in swelling ratio induced by gamma irradiation. The swelling ratio was measured by the change in volume before and after immersing SiR samples into toluene for 24 h at room temperature [7] . The swelling ratios of SiR aged concurrently by heat and radiation decrease with the irradiation time, which means that the insoluble volume in toluene is increased by crosslinking. The relation between β and swelling ratio is shown in Figure 9 . This indicates that the change in volume due to the increase in temperature becomes more difficult for the aged samples because crosslinking hinders the thermal expansion of molecular chains. We assume that the density of SiR ρ is equal to ρ 0 at T 0 and has the following linear relation with temperature:
We can calculate d[(ε r∞ − 1)/(ε r∞ + 2)]/dT by substituting Equation (7) into Equation (6):
We can obtain the following equation by replacing ρ 0 N A (α E +α A )/3ε 0 M on the right side in Equation (6) with Equations (7) and (8):
From the values of (ε r∞ − 1)/(ε r∞ + 2) experimentally obtained as a function of T, we can calculate the slope d[(ε r∞ − 1)/(ε r∞ + 2)]/dT, and the intercept −(1/β + T 0 )d[(ε r∞ − 1)/(ε r∞ + 2)]/dT of Equation (9) . Figure 7 shows that the temperature dependence of (ε r∞ − 1)/(ε r∞ + 2) can be fitted well by Equation (9) and the values of R 2 (goodness of fit) are larger than 0.998. Then, we can calculate (1/β + T 0 ) with the values of the slope and the intercept. It was found that the value of (1/β + T 0 ) is always larger than 1.5 × 10 3 K. Since T 0 is much smaller than 1.5 × 10 3 K, we can estimate the thermal expansion coefficient β of SiR. As a result, we found that β ranges from 5.7 × 10 −4 to 6.6 × 10 −4 K −1 . Figure 8 shows that the thermal expansion coefficient β decreases with an increase in dose at T ir of 145 and 185 • C. It may be caused by an increase in crosslinking degree or a decrease in swelling ratio induced by gamma irradiation. The swelling ratio was measured by the change in volume before and after immersing SiR samples into toluene for 24 h at room temperature [7] . The swelling ratios of SiR aged concurrently by heat and radiation decrease with the irradiation time, which means that the insoluble volume in toluene is increased by crosslinking. The relation between β and swelling ratio is shown in Figure 9 . This indicates that the change in volume due to the increase in temperature becomes more difficult for the aged samples because crosslinking hinders the thermal expansion of molecular chains. Figure 10 shows that ion concentration n calculated by Equations (2) and (5) increases with an increase in dose. Segmental molecular chains in SiR can be excited and ionized by gamma irradiation. The energy of gamma rays, which is much higher than the bond energy and the ionization energy of molecules, will be transferred to extranuclear electrons. Excitation and ionization can thus be triggered. Meanwhile, ions which are generated inside the material would accumulate with an irradiation time. Fourier transform infrared absorption spectra of the pristine and aged SiR samples revealed that the absorption intensity of Si-C bonds between Si and CH3 at a wave number of about 785 cm −1 decreases with the increase in irradiation time [9] . This means that Si-C bonds were broken by the gamma irradiation. Figure 11 shows the relation between the ion concentration and the normalized absorption intensity of Si-C bonds. It is indicated that the generation of mobile ions is positively related with the number of chain scissions induced by gamma irradiation. Figure 10 shows that ion concentration n calculated by Equations (2) and (5) increases with an increase in dose. Segmental molecular chains in SiR can be excited and ionized by gamma irradiation. The energy of gamma rays, which is much higher than the bond energy and the ionization energy of molecules, will be transferred to extranuclear electrons. Excitation and ionization can thus be triggered. Meanwhile, ions which are generated inside the material would accumulate with an irradiation time. Fourier transform infrared absorption spectra of the pristine and aged SiR samples revealed that the absorption intensity of Si-C bonds between Si and CH3 at a wave number of about 785 cm −1 decreases with the increase in irradiation time [9] . This means that Si-C bonds were broken by the gamma irradiation. Figure 11 shows the relation between the ion concentration and the normalized absorption intensity of Si-C bonds. It is indicated that the generation of mobile ions is positively related with the number of chain scissions induced by gamma irradiation. Figure 10 shows that ion concentration n calculated by Equations (2) and (5) increases with an increase in dose. Segmental molecular chains in SiR can be excited and ionized by gamma irradiation. The energy of gamma rays, which is much higher than the bond energy and the ionization energy of molecules, will be transferred to extranuclear electrons. Excitation and ionization can thus be triggered. Meanwhile, ions which are generated inside the material would accumulate with an irradiation time. Fourier transform infrared absorption spectra of the pristine and aged SiR samples revealed that the absorption intensity of Si-C bonds between Si and CH 3 at a wave number of about 785 cm −1 decreases with the increase in irradiation time [9] . This means that Si-C bonds were broken by the gamma irradiation. Figure 11 shows the relation between the ion concentration and the normalized absorption intensity of Si-C bonds. It is indicated that the generation of mobile ions is positively related with the number of chain scissions induced by gamma irradiation. Figure 12 demonstrates the dose dependence of diffusion coefficient D and DC conductivity σDC, measured at 200 °C. Both D and σDC decrease at first and then increase with the increase in dose. While D is the parameter that shows the easiness of ions, molecules, or atoms to change their positions in a medium, σDC is governed by the easiness of ions for changing the position in a medium under an applied electric field if the conduction current is due to ions. Namely, both D and σDC are directly related to the same phenomenon. Therefore, it is reasonable that the dose dependence is quite similar between σDC and D. It was found that Si-CH3 bonds in main molecular chains are broken by oxidation under the gamma irradiation and that Si-O-Si crosslinking points can be generated between two molecular chains [9] . The crosslinking reaction in SiR under gamma irradiation were confirmed by nuclear magnetic resonance (NMR). The NMR spectra shows that the intensity of Si atom bonded with three O atoms representing inter-molecular crosslinking points is increased after irradiation [7] . It means that the reactions of degradation and crosslinking occur simultaneously [2] . Many parameters such as irradiation time, dose rate, temperature, oxygen concentration, and so on would determine whether crosslinking or degradation occurs dominantly during the gamma irradiation. When crosslinking is dominant, a rigid, hard, and brittle structure will appear, which should suppress vibrations and motions of ions and molecules. However, when degradation dominates the reaction, molecular chains are broken, facilitating the motion of mobile ions and the decrease in molecular weight and mechanical strength. Figure 12 indicates that the reaction rate is higher for Figure 12 demonstrates the dose dependence of diffusion coefficient D and DC conductivity σDC, measured at 200 °C. Both D and σDC decrease at first and then increase with the increase in dose. While D is the parameter that shows the easiness of ions, molecules, or atoms to change their positions in a medium, σDC is governed by the easiness of ions for changing the position in a medium under an applied electric field if the conduction current is due to ions. Namely, both D and σDC are directly related to the same phenomenon. Therefore, it is reasonable that the dose dependence is quite similar between σDC and D. It was found that Si-CH3 bonds in main molecular chains are broken by oxidation under the gamma irradiation and that Si-O-Si crosslinking points can be generated between two molecular chains [9] . The crosslinking reaction in SiR under gamma irradiation were confirmed by nuclear magnetic resonance (NMR). The NMR spectra shows that the intensity of Si atom bonded with three O atoms representing inter-molecular crosslinking points is increased after irradiation [7] . It means that the reactions of degradation and crosslinking occur simultaneously [2] . Many parameters such as irradiation time, dose rate, temperature, oxygen concentration, and so on would determine whether crosslinking or degradation occurs dominantly during the gamma irradiation. When crosslinking is dominant, a rigid, hard, and brittle structure will appear, which should suppress vibrations and motions of ions and molecules. However, when degradation dominates the reaction, molecular chains are broken, facilitating the motion of mobile ions and the decrease in molecular weight and mechanical strength. Figure 12 indicates that the reaction rate is higher for Figure 12 demonstrates the dose dependence of diffusion coefficient D and DC conductivity σ DC , measured at 200 • C. Both D and σ DC decrease at first and then increase with the increase in dose. While D is the parameter that shows the easiness of ions, molecules, or atoms to change their positions in a medium, σ DC is governed by the easiness of ions for changing the position in a medium under an applied electric field if the conduction current is due to ions. Namely, both D and σ DC are directly related to the same phenomenon. Therefore, it is reasonable that the dose dependence is quite similar between σ DC and D. It was found that Si-CH 3 bonds in main molecular chains are broken by oxidation under the gamma irradiation and that Si-O-Si crosslinking points can be generated between two molecular chains [9] . The crosslinking reaction in SiR under gamma irradiation were confirmed by nuclear magnetic resonance (NMR). The NMR spectra shows that the intensity of Si atom bonded with three O atoms representing inter-molecular crosslinking points is increased after irradiation [7] . It means that the reactions of degradation and crosslinking occur simultaneously [2] . Many parameters such as irradiation time, dose rate, temperature, oxygen concentration, and so on would determine whether crosslinking or degradation occurs dominantly during the gamma irradiation. When crosslinking is dominant, a rigid, hard, and brittle structure will appear, which should suppress vibrations and motions of ions and molecules. However, when degradation dominates the reaction, molecular chains are broken, facilitating the motion of mobile ions and the decrease in molecular weight and mechanical strength. Figure 12 indicates that the reaction rate is higher for crosslinking than for chain scission at low doses of gamma irradiation, whereas the chain scission dominates the degradation process at high doses.
Influence of Degradation on Ion Concentration
Influence of Degradation on Conductivity
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Influence of Degradation on Trap Distribution and Its Relation with Conductivity
As mentioned above, the conductivity of SiR is affected by crosslinking and scission of molecular chains, and these irradiation-induced reactions can change trap distributions in polymeric materials. Surface potential decay measurement thus is used to investigate the trap distributions of SiR before and after degradation. Figure 13a manifests that surface potential decays slower firstly and then faster with an increase in dose. The decay rate of surface potential becomes slower with an increase in ageing temperature when the irradiation time is fixed. In accordance with the surface potential decay theory [31] [32] [33] , surface trap energy and trap density can be estimated by the following two equations by assuming that charge carriers are deposited in a layer with the thickness of ls about 1 μm near the charging surface [33] [34] [35] :
where ET is the energy of surface traps in eV, while NT is the density of surface traps in eV −1 ·m −3 , and s(t) is surface potential in V. Furthermore, vATE is the attempt-to-escape frequency in s −1 ,which can be expressed as kBT/h. Here, h is the Planck constant in J·s. 
As mentioned above, the conductivity of SiR is affected by crosslinking and scission of molecular chains, and these irradiation-induced reactions can change trap distributions in polymeric materials. Surface potential decay measurement thus is used to investigate the trap distributions of SiR before and after degradation. Figure 13a manifests that surface potential decays slower firstly and then faster with an increase in dose. The decay rate of surface potential becomes slower with an increase in ageing temperature when the irradiation time is fixed. In accordance with the surface potential decay theory [31] [32] [33] , surface trap energy and trap density can be estimated by the following two equations by assuming that charge carriers are deposited in a layer with the thickness of l s about 1 µm near the charging surface [33] [34] [35] :
where E T is the energy of surface traps in eV, while N T is the density of surface traps in eV −1 ·m −3 , and φ s (t) is surface potential in V. Furthermore, v ATE is the attempt-to-escape frequency in s −1 ,which can be expressed as k B T/h. Here, h is the Planck constant in J·s.
crosslinking than for chain scission at low doses of gamma irradiation, whereas the chain scission dominates the degradation process at high doses. 
where ET is the energy of surface traps in eV, while NT is the density of surface traps in eV −1 ·m −3 , and s(t) is surface potential in V. Furthermore, vATE is the attempt-to-escape frequency in s −1 ,which can be expressed as kBT/h. Here, h is the Planck constant in J·s. As demonstrated in Figure 13b , trap energy increases firstly and then decreases with an increase in dose at an ageing temperature of 145 or 185 • C. Irradiating SiR samples at higher temperature generates more traps inside. The trap densities of SiR samples degraded at 185 • C at the irradiation times of both 900 and 1500 h are larger than those of samples degraded at 145 • C. Chemical reactions of the formation of oxidative products, crosslinking, and chain scission change the energy and density of traps in polymers, which further results in the conductivity variation as demonstrated in Figure 12 .
From the perspective of hopping conductivity theory, DC conductivity is exponentially proportional to trap energy, which is described by the following equation [12, 22] :
where λ T is the hopping distance of charge carriers in m. Figure 14 shows the relation between DC conductivity in Figure 12b and trap energy in Figure 13b . It is clear that DC conductivities of SiR samples degraded by gamma irradiation at temperatures of 145 and 185 • C decrease exponentially with an increase in trap energy, which obeys hopping conductivity Equation (12) . As mentioned in Figure 13 , a small amount of gamma irradiation can augment the energy of traps in SiR by triggering chain crosslinks inside. Accordingly, the hopping of charge carriers becomes more difficult and conductivity decreases. When the irradiation time is long enough, the reaction rate of chain scission becomes larger than that of crosslinking. Meanwhile, the energy of traps is reduced and charge carriers can hop easier in the material. Therefore, DC conductivity increases again at higher dose of gamma irradiation. In Figure 13b , it is also shown that the densities of traps in SiR samples degraded at 185 • C are higher than those degraded at 145 • C. Since the hopping distance equals to the reciprocal of trap density to the power of 1/3, namely, λ T = 1/N T 1/3 , the hopping distance of charge carriers is smaller in SiR samples degraded at 185 • C. Consequently, the conductivities of SiR samples degraded at 185 • C are lower than those degraded at 145 • C accordingly to Equation (12) .
As demonstrated in Figure 13b , trap energy increases firstly and then decreases with an increase in dose at an ageing temperature of 145 or 185 °C. Irradiating SiR samples at higher temperature generates more traps inside. The trap densities of SiR samples degraded at 185 °C at the irradiation times of both 900 and 1500 h are larger than those of samples degraded at 145 °C. Chemical reactions of the formation of oxidative products, crosslinking, and chain scission change the energy and density of traps in polymers, which further results in the conductivity variation as demonstrated in Figure 12 .
From the perspective of hopping conductivity theory, DC conductivity is exponentially proportional to trap energy, which is described by the following equation [12, 22] 
where T is the hopping distance of charge carriers in m. Figure 14 shows the relation between DC conductivity in Figure 12b and trap energy in Figure  13b . It is clear that DC conductivities of SiR samples degraded by gamma irradiation at temperatures of 145 and 185 °C decrease exponentially with an increase in trap energy, which obeys hopping conductivity Equation (12) . As mentioned in Figure 13 , a small amount of gamma irradiation can augment the energy of traps in SiR by triggering chain crosslinks inside. Accordingly, the hopping of charge carriers becomes more difficult and conductivity decreases. When the irradiation time is long enough, the reaction rate of chain scission becomes larger than that of crosslinking. Meanwhile, the energy of traps is reduced and charge carriers can hop easier in the material. Therefore, DC conductivity increases again at higher dose of gamma irradiation. In Figure 13b , it is also shown that the densities of traps in SiR samples degraded at 185 °C are higher than those degraded at 145 °C.
Since the hopping distance equals to the reciprocal of trap density to the power of 1/3, namely, T = 1/NT 1/3 , the hopping distance of charge carriers is smaller in SiR samples degraded at 185 °C. Consequently, the conductivities of SiR samples degraded at 185 °C are lower than those degraded at 145 °C accordingly to Equation (12) . It has been shown that the dielectric constant at high frequency limit εr∞, thermal expansion coefficient calculated from temperature dependence of εr∞, ion concentration calculated from electrode polarization at relatively low frequencies change monotonically with irradiation time. Their chemical origins were also analyzed. DC conductivity decreases firstly and then increases with an increase in irradiation time, which can be well explained by the variations of trap energy and density induced by gamma irradiation. It indicates that dielectric spectroscopy is a powerful tool to It has been shown that the dielectric constant at high frequency limit ε r∞ , thermal expansion coefficient calculated from temperature dependence of ε r∞ , ion concentration calculated from electrode polarization at relatively low frequencies change monotonically with irradiation time. Their chemical origins were also analyzed. DC conductivity decreases firstly and then increases with an increase in irradiation time, which can be well explained by the variations of trap energy and density induced by gamma irradiation. It indicates that dielectric spectroscopy is a powerful tool to investigate the degradation mechanism and to monitor the condition of power cables used in nuclear power plants.
Conclusions
Complex permittivity spectra were measured for silicone rubber sheets aged concurrently by heat and gamma irradiation. The resultant changes in thermal expansion coefficient, ion concentration, diffusion coefficient, and induced DC conductivity were analyzed.
•
The dielectric constant at high frequencies increases with an increase in irradiation time and ageing temperature. This indicates that oxidative products are formed during gamma irradiation.
• It is clearly shown that the thermal expansion coefficients can be calculated via the Clausius-Mossotti equation from the temperature dependence of the dielectric constant at high frequencies. The coefficient decreases with an increase in irradiation time and ageing temperature, indicating that the crosslinking reaction occurs dominantly during the ageing process, which is in good agreement with the results on the swelling ratio.
•
The concentration of ions increases with the increase in irradiation time and ageing temperature. This is seemingly caused by the increase in bond break or chain scission, which is consistent with the decrease in infrared absorption intensity due to Si-C bonds.
The diffusion coefficient and DC conductivity decrease at first and then increase with the increase in dose. From the viewpoint of the carrier hopping model, DC conductivity is determined by trap energy. It was found that trap energy calculated from the surface potential decay experiments can be used to interpret the variation of the DC conductivity of SiR with an increase in dose. This indicates that crosslinking is dominant at low doses and that chain scission becomes dominant at high doses.
